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The work described in this report is a continuation of previous
work done at the Massachusetts Jnstitute of Technolo~ & the ignitim
of fuel+ir mixtures by means of rayid adiabatic compression.

The purpose of the presm.t imvestigaticm was, essentially, to
study the effect of tetraethyl lead, ‘aknock inhibitor, m isooctane.

Before making the subject tests, it was supposed that the effect
of adding tetraethyl lead would be to change the length of the delay
period, at a given fuel-air ratio and compression ratio. These tests
showed for compression ratios between 8.0 and 14.9 that varying the
cmcentration of tetraethyl lead in isooctane has a very mall effect on
the deley at fuel+ ratios between O.Q60 end 0.090, whereas, at very.
rich (0.130 to 0.170) or very lean (0.030 to 0.050) fuel-air ratios,
lead appears to have some effect on the ignition delay; the extent of
this effect could not be exactly detemnined because of the &Lfficul@
ti reproducing reeqlts at these exlmeme fuel-air ratios. The chief
clifference in the pressure-time curve caused by variation in tetraethyl–
lead concentraticm is to change the “critical explosim pressure,”
which is defined as the pressure at which a very sudden increase in the
rate of p~essure rise occurs. The critical explosion pressure, so
defined, shows consistent.d.ifferences”which are a function of tetraethyl–
lead concentration.

The effect described would appear to ~cate that the detonaticm-
inhibiting effect of tetraethyl lead, when used in engine fuels, is due
to the fact that it tends to reduce the amount of end gas which reacts
with erlmeme rapidi~. ,
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A brief study of the effect of
triptane was also made. This study

I?ACATN 2127

et~l mitiite, a bock inducer, cm
showed that, at the chemically

cotiect fuel-air ratio, increasing the concentz+ti~ of ethyl nitrite
ti triptane decreases both the delay and the critical ekplosim pressure.

Ml tests wera carried out in a modified versim of the original
M.I.T. rapid compression machine. Details of the mm machine are
presented.

,

This poject is a continuation of work in the field of detonaticm
research cmiiucted at the Wssachizsetts Iimtitute of Technolo~ under
the auspices of and with the financial support of the Natimal Advism
Comittee for Aermautics. Previous work at M.I.T. ti this field is
covered by references 1 to 4.

The geueral objective of the work was to study the autoi@tim of
fueid mixlmres under cmdltions of rapid compresslm. me pw-ticulsx

objective of the work was to apply the information thus gained to the
study of detmatiau in spark-ignition mginea. Since it is be~eved
that detonation in an en@ne is caused by the rapid campressim of the “
end gas with subsequat autoi@tion, a study of the pressum+time
histories of fuel+ir mixtures obt@ed with the rapid ccmpressicm
machfne should yield valuable information regard@ the nature of the
reactions in the end gas preceding detcmaticm.

The previous work revealed that the general.nature of the Pressur-
t- cmve was somewhat different for triptane, and very different for
benzene, as’compared with the nature of the curves for isooctane md
100-octane gasoline. A point of similari@ between dl four fuels,
however, was that the prticipal effect of varying the fuel+ir ratio
or ccmpressim ratio was to change the delay, that is,”the the be~qen
completim of the compression stroke and the start of a rapid pres~e
rise.

Also, the work done to date points to the ~cticability of using
the mache as a tool for dete~g the probable detonation tendencies
of a gimm fuel under proposed mgine conditions. In order to achieve
this purpose, a ccmsiderable amount of exploratory work m various fuels
and test cmditims must be camied out end.a correlatim established
between these results dud actual engine tests.

. ..
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NACA TN 2127 3

It is too early to say what de~ee of generality my be expected
in these correlations. ‘butthe present evidence is to the effect that
such ganeral correlat~one do e~st.

AH?ARATUS

The M.I.T. rapid coqression machine has been mcdified to @m
porate certain refinements as suggested by experimce. The original.
machine is completely described in reference 2.and will be referred to
hereafter as rapid compression machine 1. A crom-secticmal view of the
oridnal machine is shown in fimme 1. It wZEl be noticed that h this
app&atus the caibustim cy~~r (k) is located
der (2), and that the driving piston (5) and the
forma single unit.

This arrangement had several M.sadventages,
was the difficul@ of alining the conilmstionand
the high degree of accuracy necessq to achieve
unlubricated cmibustion cylinder.

lh the gew machine (fig. 2) this Mfficul.ty

inside the main cylin–
Combusticm pistcm (9)

principal among which
_ cylinders wi~
gastighimess in the

was avoided by locating
the combusti& cylinder outside the main cylinder. It will also be

. noticed that a mzch larger area is provided m the piston sldrt for
sealing purposes, Ih the original apparatus it was not possible to take
advantage of the entire area of the contmstim-piston sldrt for this ‘
purpose.

It was hoped that these changes would reduce the cmknzstim+hmber
leakage to inconsequential propotiims, and that the reyroducibili~ of
the apparatus would be substantially improved. ~ these respects, the
results of the changes have exceeded expectatims.

The basic principle of operation of the old machine has been main–
thed in the new one. b use, a charge of nitrogem at about 500 pounds
per square inch is admitted to the u per cyllmier (1) (fig. 2) and can–

3fined therein by the poppet valve (2 until ready for releaqe. 5s
valve is drawn tightly ax its seat by me-. of We scrm jack (3)
acting on the shear pins (k) passed through the valve stem. The poppet
valve is suddenly opened by dropping a weight m the end of the valve
stem thus shearing the pins end all.mdng the ccmfined nitrogen to rush
into the ddimtng cylinder (5), where it acts on the driving pistcu (6)
causing it to descend rapidly. The dri

?
pistm is connected to the

cmkmstim piston (7) by means of the rod 8) and thus the eqlosive
mkture, which iB placed in the cmbustim CYIM= (9)s IS =Pim
compressed. Photographs of the two pistons and associated Tarts are
shown in figure 3.
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~ order to prevent dsmage to the moving @s at the end of the
stroke a charge of nitrogen at about 60 pounds per square inch is
admitted to the cuslrbn chander (10), just before releasing the poppet
valve. AS the drivtlngpistm descends~ the pressure of this entrapped
nitrogen builds up @ficiently to slow the pistm dam to negligible
veloci@ at the end of the stroke. B this positicm the ports (n) ti
the piston register with the ports (12) W the sleeve .md the cushion
pressure is released, sJlowipg the piston to settle gently tithout
severe impact or relxnmd. .

Both the drivhg and ccmtmstion pistms =e prevented frcm subse-
quently moving upward by the rama.n driving pressure acting downward
on the driving piston.

Pressures in the ccmilmstioncykbider were recorded by means of a
strati gage (13) cemmted m the underside of the cy~er head (14)
end cannected to a camera+scillograph system. The pressure records so
obtained will.be eqbined fully.in the section ~ON OF
WORDS.

The motim of the cauibustionpistm was recmded by photographing
the motion of the camecting ‘rod. This was done by painting a series
of white horiz@al llnes l/k inch apart on the surfahe of the rod and
phih:ra&ng their transits across the field of vision of the

A vertical slit was placed tiide the csmera close to the
film so tha~ only a small se-t of each white line was photographed.
The film was moved at a constant lmown speed at ri~t angles to the
moticm of the rod with the result that a series of sloping lines was
recorded. 5e position and slope of the lines gave a true tication
of the positim ml velooi@ of the connecting rod, end thus of the
two pistons, at any instant. Specimen records may be seen h figure 4.

A more detailed description of the rapid coqmession machine 2 will’
be found in appemtLc A.

2hotographE of the complete apparatus are shown ti figure 5 and a
schematic diagam shcndng the caqmmnt parts reamanged frcm their
actual positicms for the sake of cl_ari@ is given in figure 6. me
auxiliary appsratus is idmticd. with that described in reference 2,
except for the replacemmt of the old drying tower with a new me and
the elimrlnationof the humi~im.

The new drying tower cmsistea of a Piece of fi~ ~fich PiPe~
72 inches long,-fi%d tith hea~ f-s ~ bofi ~ ●

.with 86 pounds of activated alumina and was conndcted ti
between the air pump (56) ~ * m t- (52).

The humiMfier was unnecessary in this work because
conducted with dry air only.

It was fiIled
the air line

the tests were

\
.

.

“
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TEST PROCEDURE

5

The experhnental work was arranged b
f011.ows:

four series of tests as I

Series 1 –The effect of tetraethyl lead m isooctme at constant
fuel-air ratio and campressim ratio:

(1) Tetraethyl-lead ccmcentraticm varied fram O to 8 milliliters
per gaXlmn

(2) Fuel-air ratio constant at 0.C67 (chemicallycorrect)
(3) Compression ratio constant at 11.7 .

Series 2 – The effect of tetraethyl lead on isooctane at various
fuel-air

(1)

(2)
(3)

ratios:

Tetraethyl-lead concentration varied from O to 4 milliliters
per gallon

Fuel-air ratio vaied from 0.030 to 0.170
Compressim ratio constant at 11.7

Series 3 – The effect of tetraethyl lead an isooctsne at various
compression ratios:

(1) Tetraethyl-lead concentratim varied from O to 4 milliliters
per gallon

(2) Compression ratio v~ied from 8.o to 14.9
(3) Fuel+ti ratio constmt at 0.67 (chemically correct)

Series 4 –The effect of ethyl nitiite cm triptane:

(1)

(2)
(3)

The

12bhyl+uitriteconcentraticmmried frm O to 488mi11.iliters
per gdlm

Fuel-air ratio constant at 0.066 (chemic~ correct)
Compression ratio constant at IL.7

variables held constant during all these tests were:

Ibitial pressure, lb/sqin. ads. . . . . . . . . . . . . . . ...14.7
Ihitid temperature, %.... . . . . . . . . . . . . . . . . .. 609
Compression time, sec.... . . . . . . . . . . . . . . . . ..o.00(5
DeWpoint ofair, ol? . . . .. . . . . . . . . . . . . . . . . .._68

The isooctene
fuel) was obtained

(2,2,4 trht~lyentane, designated as s-4 reference
fhmm the Shell Oil Company, MC., of Woai River, Ill..

—----—--—-—. —--..———. .-. .— - ——— .. —._ _____ __ --. —_-—
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The triptane (2,2,3 tr~tbylbutane ) was obixxlnedthrou@ the
courtesy of the General Motors Corporatim, Detroit, Mich.

The tetraethyl lead, designated as ‘f1–T Mix Blue Aviation Ethyl
Fluid,“ was obtained from the Ethyl Corporation of New York. This
product consists of tetraethyl lead blended with the theoretical com-
bining concentration of ethylene dibromide and on~alf the theoretical
combining concentration of ethylene‘dichloride. One milliliter of
Ethyl Fluid contains 0.653 milliliter of tetraethyl lead. Ethyl Fluid,
rather than unblended tetraethyl lead, was used because ”theunblended
product is seldom used in automobile and aircraft engines. Whenever
the expressions “lead” or “tetraethyl lead” are used in this report it
is to ~e understood that the blended product is referred to. -

The
obtained

fig. E
rises as
clean dry air by allotig the pistcm to rise and fail three times before
prepsring a new batch. The air was thoroughly agitated by the fan
during this process.

et~l titrite, cataining 10 percent alcohol in soluticm, was
from Merck & Compemy, Ihc., Rahway, N. J.

explosive mlrbures were prepared in the m~=n tank ((52),
This tank contdns a _ fan and a floathg piston which
air is admitted from the pump (56). The tank was flushed tith

The tank was then filled with air end the fuel tijected through a
gland in the top of the tenk by meens of a @ode?mic needle. (See
reference 2 for details.) The exact fuel qusntiw was detemined by .
weighing the hypodermic needle end contents cm an analytical balance
and the reqdred ti qzanti~ was obtained by adjusting the air pressure
in the tank. ‘Em mixture was kept in the tank for 3 -tes at 6090 R
end agitated ccmtinuously by the fan %efore admitting it to the com-
bustion chaniber.

The conhstion cylinder was evacuated by me- of,tie m pw (71-)
before admitt~ the fresh midmre, in order to reduce dilution. Half
of the contats of the mixing temk was then allowed to pass through the
cmibustion cyltier h order to further reduce dilutia. The ratio of
mixture paased through the cmibustion cyltnder to mix&ure retained h
the conibustioncylinder was about 125 to 1. The combustion cylinder was
seeled off at atmospheric pressure after charging. Two tests, under
identicsl initial conditions, were made from each batch as a check on
reproducildli~.

The mixing tenk, cmibustion cylinder, ~d c~ectm pipes were
jacketed and maintatied at 6090 R. This figure was taken as the ~tial.
temperature of the mixture.

.— —.——— —-––-–—— .———,—.— . .— -— —



mm m 2127

A constant driving pressure of
a cushicm pressure of 60 pounds per
a uniform ccqjression time of 0.006

7

~00 pounds per qmre inch -e and
squara inch gage were used to give
second.

The cdmstion-cylinder head was rammed after each explosion and
the surfaces wiped with a cleen cloth. The cmibustim piston was
returned to its original positim by pushing it up tith a hydraulic
jack acting through a

Specimen records
pressure a.gdnst thne

piece of had wood shaped to fit the piston head.

of piston displacement agatnst tfme and cyltider
taken at a film speed of 200 tithes per seccmd

are @own in figure 4.

Considering record 1~ ti this figure, the piston starts to move
at A where the @ white lines m the piston record begin to slope
away’from the horizontal. These two lines are streak images of the
two horizontal lines on the piston rod which are oyposite the camera
lens when the rml is stati~.

The lines on the piston rod are 1/4 inch.apaxt. As the piston
gains velocity the 13nes become steeper, approac~ an almost constent
slope which persists for the greater part of the stroke. Toward the
ad of the stroke the slope decreases rapidly, showing the imflueqce of .
the cushia pressure, end the piston finally comes to rest at B, rather
abruptly in this particular instance. The seating of the pistq is also
recorded on the pressure record by the high-frequency vibrations C .
accompanying the mechanical impact. It will be noted th@ th6 pistm
then remati tightly seated during the rest of the process. The gentle
waving of the white lines on the piston record “after B does not repr=
sent actual piston motion but rather relative motion between the camera
and the piston rod due to swaying of the camera lens after the h@act.
The compressia ttme ~ is about 0.006 second. The line of atmospheric
pressure GE was drawn in the pressure record by ~ojecttig the hori–
zontal part of the trace preceiMng the compression.

The pressure record displ@ a region of higb+requency vibra–
tions D just before the end of the stroke. These titrations are
chmacteristic of all ~essure records taken with rapid compressicm
macldne,2. 50y are probably due to a “chattering” of the comlnzstion
pistm as it slides over the unlubricated cylhier walls. It does not
a~ear probable that these titrations are gas vibratimis because they
were seldom -observedm the pressure records taken with rapid compessim
machine 1 under dmilar test conditions.

.- . ....— ..— --- ——— .— . .—. . _ .— --— .— -——-————- -—.—
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It will be noticed that in the particular presewre record selected
here (in, fig. k) the pressure rises very considmalily sfter the piston

6

has stop~ed end that the mtdame explodes suddenly at E. The time
interval CE is defined as.the “delay period” end the mmdmum pressure F
assumed by the mixture before exploding is defined as the “critical explo-
sion pressure.”

The critical explosim pressure has significance d up to the
petit where it coincides with the maxhzm explosion pressure. A Sit’W-

tion similar to this my be olmerved, for instance, h record 159 “

(fig. 9(1))●

The critical explosian pressure, or some concept closely alILied
to it, should le of value fi @@q some idea of the severi~ of detona–
tion to le expected from a given fuel when used in an engine. A fuel–
ati mirbure having a low critical explosicm pressure would he expected
to detonate hea~. This may be hferred from a record like 104
(fig. 9(h)), Were tie charge explodes with great suddenness. A mirlnre
having the character@tics shuwn h record 159 (fig. 9(1)), ~ tie o~er
ma, would be expected to detonate little, if my, m m engim. Of
course, campsriscms are complicated by the variations in the length of
the delay period efi%ited by clifferent mixtures under given conditions.
Nevertheless, en importsnt idea is brought out by these examples, namely,
that the sevai~ of detonatim in an engine depends in all probability
not only on the length of the delay period
critical explosim ‘~essure.

Ved.uesof critical explosia pressure
relation

but also on the vslue of the ,

were obtained frcm the
.

C.E.P. = ~ X II
H

where

H height of trace at end of cczqressian

h height of trace at critical explosion point

P isentropic presmre at end of compression

~m it was assumed that the compression was isentropic and that
pressures were directly proportimal to the recorded heights. The first
of these assumptims is valid to within 1 percent end the second is ,
vslid for pressures less than 1000 pounds per square inch absolute
(see referace 2). However, the greatest enors tu measuring critical
explosicm pressures were undoubtedly due to the difficulty of identi~g
the critical explosion point.

.-
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NACA TN 2127 9

Values of ieentropic pressure and temperate for the compression
ratios used in this work are given h the followlng table. These values

, axe based on an initisl press&e of 14.7 pounds per square inch absolute
609° R.

Ieentiopic Isentropic
Cmqxcem3ia ccrupression cqycession

ratio temperature
(lb~qe~yabs. ) (OR)

8.0 23 11.90
8.5 245 1.205 ~

, 8.9 265 1235
9.4 285 1250

10.0 309 I-275
10.7 1305
3.3-.5 :% 1335
sl.7 379 1340
12J+ 408 1365
13.5 457 1400
14.9 518 1440

DISCUSSION OF RESDIK!S

Series 1 Tests

The series 1 tests were made to detezmine the effect of tetrae~l
lead m the pressur+izlme characteristics of isooctene. The only quan–
tity varied was the lead concentration. The records are shown in
figure 7.

It wifl be observed that in the case of unleaded isooctane
(records 81, 82, and 120, fig. 7(a)), the del~ period ends ina mall
“fiUet” at the end of which the explosion occurs with great suddenness.
The point at w%ich the film trace disappears, because of extreme high
veloci@ of the light spot, identifies the critical eqlosion pressure.
As the concentition of lead is increased, the delay period remains
essentially unchsmged, but the critical explosion pressure increases.
At the greatest lead concentration used, 8 ti~fliters per gdlmn, the
critical explosia pressure approaches the msximmn ~essqre of the
explosiau (records 129 and 130, fig. 7(f)).

-- -—--- ..— — -—.—— ———–————. —— —.—.— .. . ..—. _ —
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These trends are shown
taken from the records, are

Ih the series 2 tests,
centraticm ~ the fuel-air
lead effected the explosicm

@wwcu ~
given in table

Series 2 Tests

two quantities

figure 8 and numeric~ v-dues,
1..

were varied – the lead con–
ratio. The object was to ascertain “whether
chmacteristics of isooctane more at one

fuel+ ratio than another. Three lead concmdmatione were used at
each fuel-air ratio, namely O, 2, and 4 milliliters pa gallon.

The eqlosion records are shown h figure 9; measurements of come-
spond3ng deleys S@ critic~ eqlosi~ pressures are given in table 2.
Curves of delay and critical eqlosion pressure against fuel-air ratio
for each lead co.qcentrationare given in figures 10 to 12, and the results
are summarized in figures 13 and 14.

The records of figure 9(a) show that at a ~el-air ratio of 0.030
the critical explosion pressure is none too well deftied. Nevetiheless,
it is quite apparent that it ticreases with lead additions. The delay
at this same fuel-air ratio appears to go through a mininmm at a lead
concentratia of 2 milliliters per @on. Z!hesam trends may be noted
for a fuel+ ratio of 0.040 h figure 9(b).

The critical explosion pressure is more easily identified as the
fuel-air ratio is ticreased (see figs. 9(c) to 9(j)), but beyond 0.130
it again becomes difficult to recognize (see figs. 9(k) to 9(n)) and the
concept loses all real significance. Therefore, no attqt was made to
measure critical explosion pressures beyond a fuel-air ratio of 0.130.

The delay for scmm of the records h figures 9(1) to 9(n) was so
long that a sectim was removed frcm the.records to facilitate publica–
tion. The actual duration of the delay is noted an such records.

The
. of tests

ma 14.
affected

trends in delay and critical explosion pressure for this series
may be more easily recognized by nottig the curves of figures 13
It fl be observed in figure 13 that the delay is not @?eatly
by lead adtitiona at fuel-air ratios between 0.060 and 0.090.

Ih the rich range a mlmimum value of deley appears to exist at a lead
concentration of 2 milliliters per gallcm for a given fuel+ir ratio.
However, it mzst be emphasized that reproducibility in the rich range is
on the whole rather poor (note scatter of potits h figs. 10, 11, and 12)
and the relative variations shown in figure 13 must not be titerpreted
too rigorously.

One broad generalization, however, can be immmdlately drawn fram
figure 13, namely, that lead does not ~eatly affect the generel shape
of the curve of delay aga~ fuel-air ratio.’

.
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The curves of figure 14 show that increasing the concentration of
lead always gives a higher critical eqlosion premure regardless of the
fuel-air ratio and the effect’seems to he most pronounced in the rich

-e.

Series 3 ‘Tests

Ih the series 3 tests the qusm.titiesvaried were lead concentration
and compression ratio. The object was to determine whether lead affected
the explosion characteristics of isooctsne more at me compressicm ratio
than another. At each ccmqmession ratio lead concentrations of O, 2,
and 4 milliliters per gallon were used.

The explosion records are shown in figure 15; curves of delsy and
critical explosiau pressure against c~ression ratio for each lead con-”
centraticm ae given ti figures 16 to 18. ~ ove~ comparisons of
the effect of lead on delay and critical explosim ~essure against
compressim ratio are presented in figmes 19 and 20. Measured values
of delay @ critical explosim taken from the records me given in
table 3.-

T!& records of figure 15(a) sh~ that at a compression ratio of 8.o,
the delays are hug and the critical explosian pressures poorly defined.
The reproducibili~ is sd.eopoor in these records (note the scatter of
the exper~nt~ points at a cmupression ratio of 8.o when -@otted in
figs. 16, 17, and 18). fi spite of these defects a very definite increase
in critical eqlosion pressure with lead concentratims may be noticed in
the recorti of figure 15(a). But no such trend can be noticed in the
case of delay because the variations me erratic. The curves of fi~
ure 19 show an increase in delay at a compression ratio’of 8.o for a
lead concentration of 4 milliliters per gsXlon, but it is doubtful if
these curves can be im.terpretedso closely ti view of the scatter of the .
yoints of figures 16, 17, end 18 at a coqression ratio of 8.o. At
higher values of the compression ratio the reproducibili~ is genercilJy
improved and the curves of figures 16, 17, and 18 leave no doubt as to
trends.

It can be generaldy inferred from.these figures that, for my lead
concentration up to 4 milliliters ~er gall,a,

(1) Increasing the compression ratio decreases the delay period

(2) The critical explosim pressure ffist decreases with ticreasing
compression ratio
compression ratio

-endthen increases,
between 9 snd 9.5

the dn.imum value occurring at a ‘

. . . . . . .—.—— _.—..__— —_ ________ . . . . .._ ____ . ——— .. . _— ._ —..- .



12 NACA TN 2127

5e superimposed curves of deley ax compression ratio of
figure 19 indicate a small ticrease in delay with increase ti lead
centration in the lower range of compression ratio. However, this
increase is too close to the Wnits of re~oduci%ility to have q
significance.

con-

real

The suyer@osed curves of critical explosion Pessure aga~
compressicm ratio in figure 20 indicate that lead additions hcrease
the critical explosim pressure at all compression ratios. The ma@-
tude of this effect leaves no room for doubt except prhaps h the region
of a compression ratio of 8.o where the reprod.uci~ili@ is poor.

Series 4 Tests

The influ=ce of a detonaticm tiducer, ethyl fitrite, on the explo-
sion characteristics of triptane was exadned in the series k tests.
Zriptaue was selected as a fuel lecause it has an inherently high criti–
cal explosion pressure. It was inferred that ethyl nitrite, because of
its contmsry behavior to tetraethyl lead in an _ as regmds detona–
tion would t- to lower the critical explosian pressure. This reascming
proved to be conect. ..

‘lb explosicm records me shown in figure 21-. Curves of delay snd
critical explosicm pressure againfrtethyl+itrite ccmcentration are given
in figure 22 and measured data frcm the recorti are presented in table 4.

me campressim ratio was matitatied at IJ-.7 ~ the che~c~
correct fuel+ ratio, 0.066, was used.throughout these tests, the ~
variable he- the concentration of ethyl nitrite.

A study of the records of figure 21 inticates that there is a very
definite decrease in both the critical explosia pressure and the delay
tith ticrease in ethyl+itrite concemkation. This can be easti seen
~ figure 22. me ftist 8 ~iliters of ethyl nitrite reduce the
critical explosia ~essure very considerably while affecting the delay
~eriod only to a negligible etient. At nnzchheatier concentratims both
the critical exylosia pressure SJMIthe delay period are Uminished.
The rate of decrease appears constant and roughly the ssme in either
case.

At the hemiest ccmcentraticm of ethyl nitrite used, 488 milliliters
per -on, the eqlosim records (344, 345, @ 346, fig.-21-(f))look -
-verynmch like those of unleaded isooctene (see records 81, 82, and 120,
fig. 7(a)).

“

—.— ——— ..— — .— —— .
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Thus, by adding sufficient ethyl nitrite to triptaae it can be
made to assume the explosian characteristics of unleaded isooctane and,
conversely, by adMng sufficient tetraethyl lead to isooctsne en explc-
sion record resembling pure triptane can 38 obtwlned.

REL4TION OF TWUIK!S ‘IODEN3NATION IN ENGINES

J’M@ng from the foregoing results, it seems prohalle that the
. actiau of tetraet~l lead in reduc~ the tendency to detmate in

engines is not due to a change in the thne (crank angle) reqpired for
rapid end- reaction to develop. The effect appears to be rather one ‘
of altering the later stages of end+ps reactim so as to reduce the
quantim of end gas which reacts with sufficient rapi~w to set up
intense pressure waves ti the charge.

~The effect of changing from isooctane to benzene, reported in
reference 1, was somewhat similar to the effect of increasing the lead
concent%tica h isooctsne reported in the presart investigation, in
that the rapitity of reaction was reduced, with no significant change
in the t~ to complete the reactim.

On the other baud, referace 1 Indicated that, for all the fuels
tested, a chsnge in fuel-air ratio causes changes in the t- reqyired
to complete the reaction. Jn each case the fuel+ir ratio for minimum
time of reacticm corresponds quite closely to the fuel-air ratio for
msximnu detonation in an engine.

RQ?RODUCIKUJICYm IwsuL!rs

General Reproducibility

A general impressim of the reproducibility of rapid compression
machine 2 can he had by noting the scatter of the points in figures 8,
10, U, U, 16, 17, 18, end 22.

Evidently there is still room for @ruvment. However, by C-
psriscm with rapid compression machhe 1, it will %8 observed that
appreciable ga~ have been made. h figure 23 curves of ignition delay
agdnst fuel-air ratio and ignition delay against compression ratio
(taken frcm figs. 35 and 39 of reference 1) representing data taken with
rapid compression.machine 1 are compared with shnilar curves (from
figs. 10 snd 3.6of the present repoti) taken with rapid compression
mdchine 2. The fuel is isooctane and initia2 cmxliticms are the same
in either case.

—.. .-— .——. —— .— ..— — ...———. —. —. _— —-— --—.
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Sample records taken with the two machines under identical.con-
ditions are shown for cqarison purposes in figure 24. Measured values
from these records are given ti talle 5. These data indicate sm over-
all hprovment in reproducibility for rapid ccqressicm macklne 2.

It would be difficult to try to give an exact figure to represent
the reproducibility of either rapid compressicm mwhine~ or to measure
the superiori~ of rapid compression macld+e 2 over rapid compression
machine 1 ti this respect. Reproducibility may %e gaged on the basis
of i@ition delay, critical explosion ~esmre, compression pressure,
and so forth and experience so far indicates that gocd reproducibility
according to one standard does not necessarily mean good reproduciWLi@
accorMng to another. For instance, in figure 10, the reproducibility
at a fuel-air ratio of 0.095 is exceIlmnt wh~’ delay is used as a
criterion and rather poor when critical explosion Pessure is used.

The ideal, of course, is realized whm two records taken under
identical conditiaus coincide exactly throughout their entire len@L
* superimposed. Any divergence from this conditicm would be a meas–
me of the reproducibility – but the Ufficulty is in de$e~g at
what Toint to measure the divergence.
.

Effect of Caihmtion~er IA&age

The @ightness of the cauibustionchsmber was tested by filling
the chamlmr with nitrogen at 800 pounds per sgyare Inch and timing the
rate of drop in pressure. A special.ccmibustiaucylhder head was used
for this purpose hav5ng a hole in the cmter by means of which the
necessary fittings”could be attached.

-es of cauibusti~hamber pressure against t- measured from an
~tial pressure of 800 pounds per squsxe inch me given in figure 25.
~ese curves show that, with rapid compression machine 2, after 60 runs
the lead seal had improved to the efient shown by the top curve h the
figure and af%er 300 runs (at the conclusion of the work) the seal was
stiJJ_in excellent conditian. .

When it is taken into ccmsideratim that the events studied tith
this machine occupy at most cmly a few hundredths of a second, it will
be appreciated that the leakage occurring dur~ this interval should
have but a negligible effect a the results.

. A leaka?e curve for rapid compressicm machine 1 tier 50 runs is
shown alSO ~ figure 25. %e
apparatus is apparent. Also,

deci$ed iqmovment
the pista b rapid

.

.

-1

realized in the new
compression machine 1 ‘

.

.— ———- —-.-——--–
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had to be rsleadplated after
at least 300 runs csn be made

about 80 runs whereas in
before r-leadplating is

15

the new apparatus
necessqg.

J?urtherdetails of the leakage test procedure wiXL be found in
reference 2.

CONCLUSIONS

The following conclusions resulted from a study, made by means of
rapid adiabatic compression, of the effect of tetraetbyl lead and ethyl
nitrite on the autoignition characteristics of isooctene snd triptane:

1. The addition of lead to isooctsne raises the critical eqlosion
pressure, thus reductig the fractim of the charge which reacts with
etireme rapi&L@. This observation was found to hold for all compression
ratios (8.o to 14.9) emi aIJ fuel+ir ratios (0.030 to 0.170) -
investigated.

2. At fuel-air fitios normally encountered.in engine work (0.(%
to 0.09), tetraethyl lead has no significant effect mthe igniticm
delsy of isooctsne.

3. At fuel-air ratio 0.066 and compression ratio 11.7:

(a) Et@l nitrite reduces the critical eqlosion pressure of
triptane, ea effect opposite to that of lead m isooctane. This
effect is most ~onounced at concentrations of ethyl nitrite
below 8 milliliters per gallon although the trend continues at
a slow but uniform rate up to cmcentrations as high as
4@3mLlliliters per gallon.

(b) 13U@ nitrite decreases the delay period of triptene
uniformly throughout a range of concentmtim from O
to 488 milliliters per gallon.

Sloan Laboratories for Aircraft
Massachusetts @stitute of

Canibridge,Ma6f3.,*

and Automotive @ties
Tecbnologg
6, 1947

. ——.—-.. .—. . ....— -.+. .— .— .—. —.———. —- ———— .-— -.. —..————
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AI?PENDIXA

DEWAIZEO DESCRIPTION OF RKPID CCM?RESSION MACHIllE2

.

—

A sectional drawing of M.I.T. rapid compression machine 2 is shown
The machine consists essentially of the upper cylinder (l),

~ef~~~”cy~er (~), the tiivingpidxm (6), the connecting rod (8),
the ccmibustiaucylinder (9), the ccmibustimpistcm (7), ~a the poppet
valve (2). The whole mactie is hung frmthe supporting talle (16) by
means of the bolts (17). The upper cylhder, driving cytider,.and
yoppet valve were taken from the original.rqid compression machine 1.

The new dri~ pistcm was machhed from a WI1.et of 17WC al.umlmm
alloy. The head of the driving yistcm was made caxtcal and the under-
side was carefilJy machined to fit the cmical face of the mild-steel
impact hock (19). Thus, at the end of the stroke, the driving pistcm
contacted the staticmary parts of the apparatus at the lower rim of the
skirt, at the lower end of the central.loss, and.at the c@cal- face of
the impact hock. W seating area of the driving piston @ impact was
thus wch greater than in the original apparatus and the localized
shock loads were correspamXln@y reduced.

Four rad3al.holes (20) were drilJ_edin the impact block to allow
for the escape of nitrogen from the -r region. The block was
centered on a shoulder (21) cm the cyltider head.

5e sldrt of the new driving piston was made longer in order to
pr~.de better sealing of nitrogen b the cushion chamber when the
pistcm was at the upper end of the stroke. In the old apparatus the
skirt was not long enough to prevent excessive leakage of nitroga
through the prts (U?) while adjusting the cushion pressure.

The lower cylhder head (22) of the driving cylinder was machhed
from hot+rolled steel. A amalL well.was ~ovided h the center to
receive a seal for the ccmnecting rod. This seal was simply a bearing
oil seal of conventiti type. It was held in place by a screw plug (24)
which tightened against a leveled seat thereby Premnttig leakage past
the threaclson the plug.

The connecting rod was made of .edloysteel heat-treated to
355 BrtielJ-hardness. @erical %ear@s (26) were inserted at the
upper end of the connecting rod where it was affixed to the dritig
pistm loss and at the opposite end of the r~ m the combustion
piston (7). ~s arrangement took care of w mis~ement letween

..._— ...— —-

the
.
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dri~ and combustion cylinders. TIM spherical bear-s (26) at the
upper end were adapted frcm ball thrust beer3ngs and those at the lower
end were machhed especially for the purpose.

The upper end of the connecting rod wad secured to the drimhg
pistau by the ret~g nut (27) which was split at its threaded end
and provided with a locking wedge (29) which was drawn tight by means
of the Allen screw (30).

The lower spherical bear-s consisted of a IMiU.nut (31) of alloy
steel hav3ng a hardness of l@ Brinell,.a spherical socket-t>) of the-
seme material, an sllumdn~oy space; (35j machined @er&i. at the
top, and an alumln~q retaining nut (34) mchlned to receive the
spherical.surface of the spacer and by means of which the ccmnecting
rod was attqched to the combustion piston..

The cmilmstim pist& was made from alloy steel hea~treated to

355 BrtieD ~d was ground 0.006 inch smaller then the sleeve. Fourteen
circumferential labyrinth grooves 0.125 inch wide end 0.003 inch deep
were cut in the sldrt end the surface copper-platedto a thickness of
about 0.0025 inch. The surface was thm leadplated (electrolytically)
to a thiclmess of about 0.001 inch and the lead which was deposited ti
the grooves was removed. 5e’ pistm was then forced into the combustim
cylinder, the excess lead either being sheared off or flowing into the
labyrinth grooves. Ih this manner a very satisfactory seelUn.gwas
accomplished (see fig. 25 for leakage data) end a certah amount of
lubricatim was provided by the lead.

The cast-iron cmitmsticm cylinder (9) was bolted on to the driving
cylhder head. It was protided with a hardmed+teel sleeve (37),
“aged” by “deep freezing,” and then shrunk tito the cylinder. The
inside surface of the sleeve was ground end lapped. A piece of steel
tub- was shrunk on the outside of the cy~er to form a water
jacket (38).

The fuel-air mixture was circulated through the cmbustion Cymer
by means of the ports (39) which were made oblique to avoid short-
circuittig of the cauibustionchanlber.

The combustim cylinder head (14) was taken from the original.
machine. It was clamped h place by the cylinder plug (40) and the
plate (41). The plate was caused to bear on the plug end the cylinder
head by means of four bolts “(42) threaded into the lower end of the
cyltader. This arrangement prevented any tendency towsmd twisting of
the cylinder head while clemping, a situation which q have existed
h the orighal machine where the plug yas screwed in (see (18),
fig. 1). Thie twisting may have been responsible for the inconsistency
of pressure.calibrations noted ti rapid compression machine 1.

.-. —..—— ______ ..— _ __— —_ —.. ——. .——
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As in the original machine, the compression ratio was varied by
using _ct *S (43) of different thiclmesses.

The yiston+notion csmera (15) was mounted as shown in figure 2.
The camera was trahxl cm the connecting rod between the two pistons
rather thsn m the SW of the tiirlng piston as b rapid compressim
machine 1. This new arrangement enabled the camera lens to be moved
out of the path of the high-pressure gases released fram the ports at
the end of the stroke. Ih this way vilmatias set up h the camera at
the mi! of the stroke were reduced.

Fourteen horizontal grooves spaced 1/4 inch qart were cut in the
connecting rod alcmg the side facing the camera. These grooves were
fi31Ledwith white enamel and the background surfaces were patited black.
The lties were illumimted from a.l@3+att spotli@t mounted cm a rubber
vibration isolater. The light hesm was focused on the piston rod in
such a manner that only two of the white lhes were CLhmdnated at a
time.

The specfiicatim for rapid compressia machine 2 are as follows:.

Diameter of driving piston, in. . . .’. . . . . . . . . . . . . 6.382
IEmgthof arivingpiston, in. .. *o..=*=*.**** .. 4.413’
Materiel of drim piston . . . . . . .,. . . . . 17EWC dtim WoY-
Diameter ofccmbustionpidmn, h. . . . . . . .. . . . . . . 2.00
Length ofcczibustion pistm, in. . . . . . . . . . . . . . . . 3.00
Material of ccmtmstion piston . . . . . . . . chrome+molybdanzm steel,

355 Brfiel.1hardness
Stroke, an. . . . . . . . . . . . . . . . . . . . . ..*oo ● 3.000
Range ofcqressia ratio . . . . . . . . . . . . . . . . 8.0to 14.9
wei~tofmo~parts,l~.. . . . . . . . . . . . . . . . . ..8. o

,.

.

.

. .
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!lYilxm1

slzRllS ITEsTs –DA!I!A oNExl?LosIoN lmcoKml?QR Isoom!ml?lm

-mRmrJS CON&ONS OF TEWm5TU LEAD “

[~el-air ratio, 0.067 (chemicaUy correct); c-ession
ratio, 11..7;initisl temperature, 609 R; ,~cnupression
temperature,”13k0° R; hitial ~essure, 14.7 lb/sq in. abs.;
campressim- pressure, 379 lb/sq in. abs.3 compressicm
t-, 0.006 see; film speed, 200 .ti./se~

)kad concen-
&itical

tratiml
Delay explosim

(@@)
(see)

(lb~qe=~abs. )

o 81 0.0056 w
82 .0056 985

120 .0060 875

.5 “ .0061~ 875
122 .0050 875

1.0 123 .0049 1070
124 ,0053 ‘ 935

2.0 225 .0052 1080
126 .0060 llQ5
132 .0062 1050

4.0 128 .0047 SL70
174 .0059 1072

8.0 129 .0061 133.0
130 .0063 1300

—.——. ——- —-—————- —— —-
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TABn2
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llk .Ci@5
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m% S@+
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8.0
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9.4
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!CABIZ3

[F@-alrln+a=.,0.67 (dlddm @===d; ~t~ ~, - m
Inltlalpm8-, WT lb/eqIn.de.; Oqnmmiml tlm, 0.0% am;
filmaped,m p. /sW.]
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oFmmmEm m4DAim A!rmImxm ~EA!Dm—omdnaed
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TABLE 4 .

SERD3!34TESTS -DATA ON EXPLOSION REC(JROSFOR TR3PMWEA!I!

mRIous coNclmmWrI oNsoFmHYLNrmrcE
.

~Fuel+ir ratio, 0.066 (chemically correct); compression
ratio, 11.7; initial temperature, 6090 R; cmpressicm
temperature, 13kOo -R;”initial pressure, 14.7 lb/sq h. abs.;
coqression pressure, 379 lb/sq b. abs.= compression

jtime, 0.006 see; film speed, 200 in./see

Ethyl+itrite Critical

concentration Delay explosion

(ml/gal.) (see)
(lb~qe~~alm. )

o 0.0064 1600 .
.$; .0049 lkgo
332 .0066 1490

4.0 333 .0056 IJ-60
334 .0061 1200

8.0 335 .0057 lo~ “
336 .0070 1065
337 .0063 1090

120.o 340 .0040 1010
341 .0041 “ 1030
347 .0039 950
348 .0048 g20 -

304.0 351 .0033 815
352 .0024 785
354 .0036 760
356 .0037 680

48a.o . 344 .0019 520
345 .0018 495
346

● 0019 560 ‘,

-“

.

.
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ccan?~ OF RETRcrDucIBm OF RAPID CCMPRH3IOHM4CHINTS1AND2

~ta measured from explcmim mmrds of fig. 24. Fuel-air ratio, 0.@7; compressicm
ratio, 11.7; initial temperature, 609° R; omgpressiau temperature, l~” R;

Wtlal preaswe, 14.7 lb/sg in. abs.; compression pressure, 379 lb/aq in. abe. o

i
cczqmession time, O.O& sec (approx. ); ff.lm speed,, 200 h. /see; fiel, isooctme

Rapid caqwessfon machine 1 Rapid ocmgresshm machine 2

critioal Critioal

Run
Delay explosion blw
(See)

R-an
erplosion

pressure (sec )

(lb/sq in. abs. ) (lb~qe%yabs .)

57 0.0055 085 76 0.- no

60 .o@ 965 77 .0049 &o

61 .W5 860 78 .0056 760

62 .ql 1035 79 .0050 760

63 .oq’1 730 00 .0053 ~ “ 735

64 .oow 730 AT. ” .0C53 AT. z

AT. .W9 AT. G Max. ?&L

w. Max.
spred ● oco7 spread 150

spread .0029 spread 3Q3

I
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Upper cy13sder
Luver cvllrder
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Driving piston
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Combmtkm piston “
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Figure l.- Sectionalview ofNLI.T.rapidcompression macti” 1.
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Figure 2.-
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of M.I.T. rapidcompression machine 2.
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Figure 3.-
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Driving- and combustion-pistonassembly
machine 2.
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ofM.I.T. rapidcompression
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Figure 3.- Driving-

M.A-

and combustion-pistonassembly ofM.I.T.rapidcompression
machine 2. -
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Flgure 5.- Photographs of the M.1.T. rapid compression apparatus.
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I?lgum 6.- Schematic diagram of rapid compression apparatus.
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(a) Lead, O milliliterper gallo~

(b) Lead, 0.5milliliterper gallon.

0= (c) Lead, 1 milliliterper gallon.
T

Figme 7.- Series1 tests- theeffectoftetraethylleadon thepressure-time
historyofisooctane. Fuel-airratio,0.067(chemicallycorrect);com-
pressionratio,11.7;hitialtemperature,609° R; compression temperature,
1340°R; initialpressure,14.7pounds per squareinchabsolute;compression
pressure,379 pounds per squareinch absolute;compression time,0.006
second;filmspeed,200 tihes per second.
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(d) Lead, 2 millilitersper gallon.

(e) Lead,4 millilitersper gallom

Omm (f) Lead, 8 millilitersper gallon. T

Figure7.- Concluded.
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,01

0

$
X Criticalexplosion pressure ‘d
o Delay
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h

o 1 2 3 4 5 6 7 8 9

Tetradhyl lead,mligal of isowtane

‘7

i+
400 ~

o

Figure 8.- Series 1 tests - the effect of tetraethyl lead on the delay and critical”explosion pressure of

isooctane. Fuel-air ratio, O,WV (chemicsJly correct); compression ratio, 11.7; initial temperature,

6090 R; compression temperature, 134@ R; hitial pressure, 14.7Pouds per square inchabsolute;
compression pressure, 379 pounds per square inch absolute; compression time, 0.006 second; mm
speed, 2CQ inches per second,
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,

,

Lead, O ml/gal

@ad, 2 m.1./gal

bad, 4 ml/gal

Iaad, O ml/gal

Lead, 2 ml/gal

Lead, 4 ml/gal

, 1

0.005 sec (b) Fuel-airratio,0.040. -

Figure 9.- Series2 tests- theeffectoftetraethylleadon thepressure-time
historyofisooctaneatvariousfuel-airratios.Compression ratio,11.7;
initialtemperature,609° R; compression temperature,1340°R; initial
pressure,14.7pounds per squareinch absolute;compression pressuxe,
379 pounds per square inchabsolute;compression time,0.006second;
filmspeed,200 inchesper second.
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Lead, o ml/gal

Lead,

Lead,

Iaad,

had,

2 D1l/gal

4 ml/gal

o rrqgal

2 Inl/gal

had, 4 ml/gal

(c) Fuel-air ratio,0.050. ‘

:;Y::-.

-n
> .._”____ .= ~

_.=. .-.—— +.
,. .*. . .. ...’. , ,4 .-&i’A,. “

P-

, 1

0.005 sec
(d) Fuel-airratio,0.060. v

Figure 9.- Continued.
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Iead, O ml./gal

Lead, 2 ml/gal

.,

Lead, 4 Inl/gal

47

oh6ii-zz (e) Fuel-alrratio,0.067.
v

Figure 9.- Continued.
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Lead,

Lead,

lk~d,

o ml/gal

2 lD1/gal

4 ml/gal

8 #
0.005 sec (f) Fuel-airratio,0.078. T

Fime 9.- c onttiued.
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Lead, O ml/gal

Lead, 2 ml/gal.

Lead, 4 ml/gal

L .—
-r. —__-= . .

.—~ “+

Omc (g) Fuel-airratio,0.095. T

l?igure9.- Continued.
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J_ead, O ml/gal

bad, 2 ml/gal

Lead, h m.1/g81

(h) Fuel-airratio,0.110.

lead, o ml/gal

Lead, 2 ml/gal

L9ad, 4 nL1/gal

# I

0005 w (i) Fuel-airratio,0.120.

Figure 9.- Continued.
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Lead, o ml/gd-

L%ad, 2 Inl./gd

.

L9ad, 4 ml/gal

o-c (j) mel-tir ratio, 0.130.
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bad, O ml/gal

Lead, 2 ml/gal

Oww (k) Fuel-airratio,0.140. T

Figure 9.- Continued.
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had, O &/gal

Imd, 2 ml/gal

Iaad, k ml/gal

Lead, O ti/gal

bad, 2 ml/gal

Lead, 4 &/gal

.

(1.) Fuel-airratio,0.150.

0 ,

0005 Sec (m) Fuel-airratio,0.160.— T

Figure 9.- Continued.
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Mad, O ml/gal.

Lead, 2 ml./gal
.

Iaad, 4 ml/gal

t 1

0.005 Sec (n) Fuel-air

Figure 9.-

ratio,0.170. T

Concluded.
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?62 ,04 .06 .Q3 .10 .12 .14 .16 .18 .

Fuel-air ratio ‘

Figure lo. - Series 2 tests - the effect of fwi-air rtio on the delay and critical explosion pressure of
unleaded isooctane. C oppression ratio, 11.7; initial temperatum, IX)9° R; compression temperature,

1340° R; inttial pressure, 14.7 pounds ~r square @h al ,JIuW; compression pressure, 379 pounds

per square inch absolute; compression time, O.(XI6 second; film speed, 230 tihes per second.
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Fuel-air ratio

Figure 11.- Series2 tests- theeffect of fuel-air ratio on the delay and critical explosion pressure of
+

isooctane plus 2 milliliters of lead per gallon, Compression ratio, 11.7; initial temperature, l?09° R; Q

compression temperature, ~340° R;-initial pressure, 14.7 pouds per square Inch absolute;

compression pressure, 379 pounds per square iwh akolute; compression time, 0.CQ6 second; film E

speed, ~ inches ~r second.
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X Critical explosion pressure

O Delay

.04

.03
x x M

x ~
x x x x

---x’ ~

.02 y

x

,01

u >

?02 ,04 .(x! .ml .10 .12 .14 .16 .18 .2

Fuel-air ratio

mgure 12. - Series 2 tests - the effect of fwi-air MO on the delay and critical explosion pressure of
isooct- plus 4 milliliters of lead per gallon. Compression ralio, 11,7; Mtial temperature, @39° R;

compression temperature, 1340° R; initial pressure, 14.7 pounds per square &h aksolute; compression
pressure, 379 pounds per square inch aixolute; compassion time, 0.006 second; fi@ speed, 8

200 iwhes pm second.
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Figure 13. - Series 2 tests - the effect of tetraethyl lead on the delay of lsomtsne at various fuel-sir
ratios. Superimposed curves of figures 10 to 12. C oppression ratio, 11.7; initial temperature,
&39° R; compression tempm’atum, 1340° R; Initial pressme, 14.7 pounds per square inch atsolute;

compression pressure, 379 pounds per square ixh absolute; compression time, 0.006 second; film

speed, 200 inches psr second.
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Lead

~
(mlJgal.)
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Fuel-h ratio

Figure 14. - Series 2 tests - W effect of tdraethyl lead on the critical explosion pressure of isocctane
‘at various fuel-air ratios. Superimposed curves of figures 10 to 12. Compression ratio, 11.7;

initial temperature, W9° R; compression temperature, 1340° R; initial pressure, 14.7 pounds Per
squsre inch atsolute; compression pressure, 379 pounds per square inch absolute; compression time,
0,006 second; film s~ed, 200 inches per second. 3
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Lead,

Lead,

tiad,

o

2

4

ml/f@l

Inl/gal

I.IiL/gal

:O=c,-. . _ _ (a) Compression ratio, 8.0.
T

~gure 15.- Series3 tests- theeffectoftetraethylleadon thepressure-time

historyofisooctaneatvariouscompression ratios. Fuel-airratio,0.067
(chemicallycorrect);initialtemperate, 609°R; initialpressure,14.7
pounds per square inchabsolute;compression tie, 0.006second;film
speed,300 inchesper second.
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Tkad, O ml/gal

Lead, 2 d/gd

Lead, 4 ml/g~

1 #

0,005Sec (b) Compression ratio,8.5. v
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Iaad, O ml/gal

t
r .= &_—

—=.. ~. I

Lead, 2 ml/gal

Lead, J ml/gal

,

! I

0.005WC (c) Compression ratio, 8.9. T

Figure 15.- Continued.
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Lead, O ml/gal

Lead, 2 ml/gal

lead, 4 ml/gal

1 t

0.005Sec (d) Compression ratio,9.4. T

Figure 15.- Continued.
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Lead, O ml/gal

Lead, 2 ml/gal

Lead, 4 ml/gal

b 1
0.005 sec (e) Compression ratio,10.0. T

Figure 15.- Contiwd.
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●

Lead, O ml/gal

Lead, 2 ml/gal

Lead, k ml/gal

om~ (f) Compression ratio,10.7. w

Figure 15.- Conthmed.

.— .-— ————— —.



.

—

LI

.

,

-,

.

“

.

— —..— .— ..-– —.. —



81

Lead, O ml/gal

Lead, 2 ml/gal

-1-i-L -x~4R!!gBE--- —...—.—-..—--———.-——.-————————
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~.

Laad, 4 ml/@l

I t
0.005sec (g) Compression ratio, 11.5. -

l?igure 15. - Continued.
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L9ad, O ml/gal

Lead, 2 niL/gd

83

P .& .&———.–. —
-.

--- I

Lead, 4 ml/@

compression ratio,12.4. v

Figure 15.- conm~d.
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bad, O ml/gal

Lead, 2 ml/gal

Lead, 4 ml/gal

I I

0005 sac (i) Compression ratio,13.5. T

Figure 15.- Continued.
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Lead, o ml/gal

Lead, 2 ml/~

Lead; 4 ml/gal

I I

0.005 sec (j) Compr=ion ratio, 14.9. T

Figure 15.- Concluded. ~
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X Critical eqlosion presswe
O Delay

9 10 11 12 13 14 15

C oppression ratio

Figure 16. - Series 3 tests - the effect of compassion ratio in the delay snd critical explosion pressuxe
of unleaded Isocdane. Fuel-air ratio, 0.067 (chemically correct); hitial temperature, 609° R;
initial pressure, 14.7 pounds per square tih absoluts; compression time, 0.006 second; film speed,
ZOO insks per second. s
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1600$
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C oppression ratio

l?igure 17. - Serle5 3 tests - t~ effect of compression ratio on the delay and critical explmion pressure of

isowtane plus 2 milliliters of lead per gallon. F’ml-air ratio, 0.067 (chemically correct}; initial
temperature, 699° R; initial pressure, 14,7 pcnmds per square inch absolute; compassion time,
0.(X)6 second; W spd, XQ Inches per second.
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X C I’itical explosion pressure
o Delay
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C oppression ratio

E@re 18. - Series S tests - the effect of compression ratio on the delay and critical explosion Pressure
of Isomtane plus 4 milliliters of lead per gallo~ Fuel-air ratio, 0.067 (chemically correct); hitlal
tempaature, 639° R; initial pressure, 14.7 pou$ds per square Inch absolute; compression time,
0.006 second; film speed, ZMl inches per second.
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Series 3 tests - the effect of tetraethyl lead on the delay of isooctane at various compression

ratios. Superimpcwd curves of figures 16 to 18. Fuel-air ratio, 0.067 (chemically correct); initial
~

temperate, t!09° R; initial pressure, 14.7 pounds per square inch absolute; compression tie,

0.M)6 second; film speed, X0 inches per second.
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Figure z). - Series 3 tests - the effect of Mraethyl lead on the critical explosion pressure of isocctane at
vsrlous compression ratios. Superimposed curves of figures 16 to 18. Fuel-air ratio, 0.067
(chemically correct); M&l temperature, 899° R; initial pressure, 14.7 Pounds Far square @h absolute;
compression time, O.(N6 second; film sped, 230 inches per second.
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1

95

(a) Ethylnitrite,O milliliterper gallom

(b) Ethyl nitrite, 4 milliliters per gallo~

O-M (c) Ethylnitrite,8 millilitersper gallon.
T

Figure 21.- Series4 tests- theeffectofethylnitriteon thepressure-time
historyoftriptme. Fuel-airratio,0.066(chemicallycorrect);
compression ratio,11.7;initialtemperature,609° R; compression
temperature,1340°R; initialpressue, 14.7pounds per square inch
absolute;compression pressuxe,379 pounds per square inchabsolute;
compression time,0.006second;filmspeed,200 inchesper second.
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#

1
—..

(d) Ethylnitrite,120 millilitersper gallon.

(e) Ethylnitrite,338 millilitersper gallom

o=- ($ Ethylnitrite, 488 millilitersper gallom

Figure 21.- Concluded.
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Ethyl nitrite, rnligal of triptane

Figure 22. - Series 4 tests - tb effect of ethyl nitrite on the. ignition delay and critical explmion pressure
of triptane. Fuel-air ratio, 0.066 (chemically correct); compassion ratio, 11.7; Inltlal temperature,
639° R; compression temperature, 1240° R; initial pressure, 14.7 pounds per square tih absolute;
compression pressure, 379 IMunds per square inch abolute; compression time, 0.006 second; film
speed, 200 imhes per second.
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(~ Dab t~en with r@d comp~ssion m=ti L (From figs. S5 ad 39 of refereme 1.)

E#HEfl
14 15 16

u I
780 10 11 12 13

Codprsasion raiio

(b) Data taken.with rapid compression mackdne 2. (From figs. 10 and 16 of the present papr.)

F&ure 23.- Comparison. of reproducibility of rapid compression macklnes 1 and 2 for runs on isoectane
made under the follwing conditions: l?uel-air ratio, 0.067; compression ratio, 11.7; initial

temperature, f3090 R; compression temperature, 1340° R; initial presswe, 14.7 pouck per square
inch absolute; compression pressure; 379 pounds per square &h absolute; compression time,
0.006 second (approx.); film speed, 200 hcks pm second.
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(a) Rapid compression machine 1.

— (b) Rapid compression machine 2.0.005sec.
T

Figure 24. - Explosion records for isomtme -air mixtures obtained with rapid
compression machines 1 and 2. Fuel-air ratio, 0.067; compression ratio,
11.7; initial temperature, 699° R; compression temperature, 1340° R;
initial pressuxe, 14.7 pounds per square inch absolute; compression
pressure, 379 pounds per square inch absolute; compression Wne, 0.006
second (approx.); film speed, 200 inches per second.
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Figure 26. - Leakage curves - changs In combustion+ hamber
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